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Atheroarteriosclerosis closely resembling that in humans was induced in normocholes-
terolemic and hypercholesterolemic chickens by infection with Marek's disease herpes-
virus (MDV). Four comparably sized groups of chickens were used. Each group was
initially fed a diet relatively poor in cholesterol. Groups I and II were inoculated
intratracheally at 2 days of age with MDV. At 15 weeks, one group of virus-infected
chickens (Group II) and one group of uninfected controls (Group IV) were fed a 2%
cholesterol supplement for an additional 15 weeks. Groups I, infected, and III, unin-
fected, were continued on a cholesterol-poor diet. All groups were killed at 30 weeks.
Striking grossly visible atherosclerotic lesions were seen in large coronary arteries,
aortas, and major aortic branches of both Groups I and II but not in those of Groups III
and IV. Microscopically, arterial changes in infected animals were characterized by
occlusive fibromuscular intimal thickening, which formed fibrous caps overlying areas
of atheromatous change. This change closely resembled chronic atherosclerosis in
humans. These results may be important to our understanding of human arteriosclerosis,
since there is widespread and persistent infection of human populations with as many
as five herpesviruses. (Am J Pathol 96:673-706, 1979)

THE ETIOLOGY and pathogenesis of atherosclerosis are poorly
understood. Identified risk factors account for only a portion of the high
incidence of atherosclerosis observed in the continental United States.1
Thus, unidentified factors acting either alone or in synergy with recog-
nized risk factors must contribute significantly to this high incidence of
atherosclerosis. Although hypercholesterolemia is commonly considered a
highly significant risk factor, there is experimental and clinicopathologic
evidence to indicate that arterial injury may have a primary role in the
pathogenesis of atherosclerosis.2'-1 Arterial injury and the associated local
reactive changes may provoke intimal thickening and other reparative
changes that favor deposition of blood-borne lipid at sites of injury and
lead to atherosclerosis. On the other hand, Benditt and Benditt observed
that cells comprising some human atheromas are monotypic.'7 These
observations have been confirmed by Pearson et al 18 and have been
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recently extended to include cells in organizing thrombi.19 As a result of
finding that cells in some atheromas are monotypic, Benditt suggested
that atheromatous plaques may not result from arterial injury but may be
analogous to neoplasms and induced by the effect of chemical or viral
mutagens on vascular smooth-muscle cells.20

Viruses may be important in atherosclerosis as inciters of arterial injury
or as mutagens, or they may alter lipid metabolism.21'22 In spite of these
considerations, the role of viruses in the pathogenesis of arteriosclerosis
has received little attention. We have recently reported in a short commu-
nication that infection with Marek's disease herpesvirus (MDV) will lead
to occlusive atherosclerosis in hypercholesterolemic and normocholestero-
lemic specific-pathogen-free (SPF) chickens.23'24 The purpose of this com-
munication is to report in detail on the atherosclerosis induced in those
experiments.

Materials and Methods
Chickens

A total of 290 chickens were used in these experiments. Chickens were from a strain of
SPF White Leghorn chickens maintained by the Department of Avian and Aquatic Animal
Medicine at The New York State College of Veterinary Medicine, Cornell University,
Ithaca, New York. These SPF chickens are free of Marek's disease and all other known
viral and microbial pathogens.' The genetic strain used, ie, P-line, is moderately sus-
ceptible to infection with MDV.25

Virus Stock
The Marek's disease herpesvirus used in this experiment was CU-2, a cell-free, clone-

purified strain of MDV. This strain is of relatively low virulence and produces primarily
neural and gonadal tumors in susceptible chickens.26

Diets
All chickens were initially fed a commercial diet ad libitum. This diet is relatively poor

in cholesterol (cholesterol concentration does not exceed 0.025% by weight). Later in the
experiment, some chickens were fed ad libitum the same diet supplemented with 2 % (wt/
vol) cholesterol (Cholesterol, U.S.P., ICN Pharmaceuticals, Cleveland, OH).

Collection of Serum and Estimation of Cholesterol Concentrations
Concentrations of total serum cholesterol were determined by a modification of the

Lieberman-Burchard method 27 using a Coulter automated analyzer. Unfasted chickens in
all groups were bled at Week 15 of the experiment prior to initiation of cholesterol feeding
and at approximately 5-week intervals thereafter. Serums were harvested promptly and
stored at -20 C until analyzed.

° These chickens are regularly tested for and are free of Newcastle disease, infectious bronchitis,
Marek's disease, lymphoid leukosis viruses, infectious bursal disease virus, avian encephalomyelitis,
Salmonella infections, and Mycoplasma infections. Necropsies are performed on all chickens that die
in the basic breeding flocks and tissues are cultured when appropriate.
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Agar Gel Precipitin Tests
Agar gel precipitin tests for antibody to Marek's herpesvirus were performed on serum

collected from all birds at 15 and 30 weeks of age by methods described previously.2t

Experimental Groups

Four comparably sized groups, a total of 290 chickens, were randomly selected from the
SPF P-line stock. One hundred sixty chickens were inoculated intratracheally at 2 days of
age with 100 focus-forming units of the CU-2 strain of MDV suspended in 0.2 ml of M-2
buffer.t Infected chickens and the remaining uninfected chickens were housed separately
in isolation units and initially fed a commercial diet relatively poor in cholesterol. At Week
4, 81 infected and 70 uninfected female chickens were killed. These hens were killed to
avoid variations of cholesterol metabolism associated with egg production. Some infected
chickens died with manifestations of Marek's disease. (See Results.) The remaining chick-
ens, 130 cockerels, 70 infected and 60 uninfected, were then divided into four experimen-
tal groups, and each group was housed separately in isolation units (Text-figure 1). At 15
weeks, one group of 29 virus-inoculated chickens (Group II) and 23 uninoculated controls
(Group IV) were fed the same diet supplemented with 2% cholesterol for 15 additional
weeks. Twenty-nine chickens of Group I and 28 chickens of Group III were continued on
the cholesterol-poor diet.

Autopsy Procedures
Autopsies were not performed on chickens that died or were killed prior to the fifth week

of the experiment. Chickens were killed by cervical dislocation. Aortas, brachiocephalic
arteries, coronary arteries, and celiac, mesenteric, and gastric arteries were examined in
situ for grossly visible atherosclerosis.

Brachiocephalic arteries and the entire aorta were opened along their ventral aspect,
and their luminal surfaces were examined for evidence of grossly visible atherosclerosis.
Comparable numbers of tissue blocks, usually two to three blocks, were taken randomly
from each brachiocephalic artery and from the proximal portion, mid-portion, and distal
portion of the descending aorta, as well as from the celiac, gastric, and cranial mesenteric
arteries (Text-figure 2). After fixation, the heart was sliced at 2-3-mm intervals from
apex to base in a plane roughly parallel to the atrioventricular groove in a manner similar
to that used by Paterson et al.29 This resulted in comparable numbers of 2-3-mm tissue
blocks, usually 12 to 14 for chickens in each experimental group. Tissue blocks were
routinely embedded in paraffin, and 5-,u sections were cut at three levels in each block. All
sections were routinely stained with hematoxylin and eosin. Many adjacent sections were
also stained with Weigert-van Gieson stain for elastic tissue. In many instances, tissue

I M-2 buffer consists of tissue culture medium 199 supplemented with 10% tryptose phosphate
broth buffered to pH 7.2 with sodium bicarbonate.
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blocks adjacent to those embedded in paraffin were embedded in 7.5th gelatin and frozen
in liquid nitrogen.r t Frozen sections from these gelatin-embedded blocks were cut at 3-5
l. stained with oil red O for fat, and counterstained with hematoxylin.

Microscopic Observations
Sections of hearts, kidneys, livers, aortas, and major aortic branches were examined for

microscopic lesions. One section from each of the tissue blocks of heart was examined.
Arterial lesions were enumerated and classified according to the size of the artery involved,
ie, large, medium, or small, and to the qualitative character of the lesion, ie, fatty,
proliferative, or fatty-proliferative.TMain arteries and major branches were classified as
large; the intramyocardial arteries were classified as medium or small. The extent of
coronary arterial lesions was assessed by counting the number of lesions and scoring each
according to the degree of luminal occlusion as follows: 1, 0-10% stenosis; 2, 10-70%
stenosis; and 3, greater than 70% stenosis. The total score for each chicken heart was ob-
tained by adding the scores for all of the arterial lesions. The extent of the disease was
analyzed with regard to the size of the arteries involved and the character of the arterial
lesions.

Atherosclerotic change in the aortas, brachiocephalic branches, and celiac, mesenteric,
and gastric arteries was classified according to the qualitative character of the lesion: fatty,
proliferative, or fatty-proliferative. The degree of arteriosclerotic change was assessed by
measuring the thickness of the intima using an ocular micrometer at a magnification of 500
x. Theinintea was quatitatedtopometricall instances, the thickness of the
underlying media was also measured. We recognize that evaluating intimal thickness and
luminal occlusion in specimens that are not perfusion-fixed is not optimal. However, the
number of animals was too large to perfuse and blood vessels of all groups that we

compared were fixed in the same manner.
Sections from all portions of the arterial system were examined for the presence of nerve

lesions. Nerve lesions in each section were scored according to the degree of lymphocytic
infiltration as follows: 0.5, only a few widely scattered lymphocytes; 1, diffuse infiltration
with moderate numbers of lymphocytes; and 2, diffuse infiltration with many lympho-
cytes. The score in all the sections from I animal was added to give a total score for nerve
lesions in each chicken.

All heart sections from each experimental group were examined for infiltration with
lymphocytes and myocardial necrosis. Lymnphocytic infiltrate was classified with regard to
the size of lymphocytes seen, ie, small and intermediate or large, as well as for the pattern
of the infiltrate, ie, a patchy diffuse infiltrate or discrete tumor masses. Myocardial infil-
tration in each section was quantitated morphometrically and scored as follows: 0.5, 0-4
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foci of infiltration; 1, 4-10 foci of infiltration; 2, 10-20 foci of infiltration; 3, 20-30
foci of infiltration; and 4, over 30 foci of infiltration. The score for each section was added
to obtain a total score for the heart of each chicken.

Fluorescent Antibody Tests
Frozen sections of brachiocephalic arteries in each animal and some gastric arteries were

examined for intracellular Marek's herpesvirus antigen by staining with specific Marek's
herpesvirus antibody conjugated with fluorescein isothiocyanate. Techniques for prepara-
tion of reagents and testing of specificity of antibody and staining were performed as
described.3'

Statistical Analyses
Mean serum cholesterol concentrations of experimental groups were compared using an

independent t test. Since the data regarding arterial lesions were often nonparametric, 2 X
K contingency tables were used to test the significance of differences between the number
of chickens with arterial lesions in each experimental group. Data from the following
observations were compared between experimental groups: 1) number of chickens with
arterial lesions in various portions of the arterial system; 2) frequency of coronary arterial
lesions with respect to distribution among large, medium, or small coronary arteries and
character of change; 3) frequency of coronary lesions with respect to extent, ie, number of
lesions and degree of luminal occlusion, and aortic lesions with respect to intimal thick-
ness; and 4) frequency of mesenteric artery lesions with respect to extent of luminal
occlusion. Correlation of intimal thickness to medial thickness in various portions of aorta
was tested using a Spearman rank-order correlation (r,). Correlation between serum
cholesterol concentration and the number of coronary arterial lesions was similarly tested.
Since the data were normally distributed, correlation between the total score of nerve
lesions or myocardial lesions and the number of coronary arterial lesions was tested using
Pearson product-moment correlation (r).

Results

Survival of Chickens

Thirty-nine, or 24%, of the 160 chickens initially infected with MDV
died with clinical and pathologic manifestations of Marek's disease.
Twenty-one, or 13%, died with manifestations of Marek's disease during
the first 15 weeks of the experiment. Of 58 infected cockerels starting the
second 15 weeks of the experiment, 18, or 31 %, (7 chickens of Group I and
11 chickens of Group II) died with clinical and pathologic manifestations
of Marek's disease. In addition, 81 infected hens were killed at Week 4.
The 22 chickens of Group I and 18 chickens of Group II that survived the
7-month experimental period were included in the data analyzed for this
report. Six Group I chickens and two Group II chickens that survived
approximately 6 months were also included, as indicated below. Of the
130 uninfected chickens, 10 died of nonspecific causes unrelated to Ma-
rek's disease prior to Week 15 of the experiment. Since these chickens
died before the cholesterol supplement was fed to Group IV, they were
not included. Seventy control hens were killed at Week 4 of the experi-
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ment. Thus, 50 uninfected chickens (27 in Group III and 23 in Group IV)
survived for the entire 7 months. Chickens of Groups I and II which
survived more than 6 months of the experiment were used for comparison
of incidence of chickens with arterial lesions and distribution and type of
coronary lesions. Only chickens surviving for the entire experimental
period were used for comparison of serum cholesterol concentrations and
extent of coronary and aortic arterial lesions.

Serum Cholesterol Concentrations

Prior to feeding the cholesterol-supplemented diet, the concentration of
total serum cholesterol was normal for chickens of all groups, and the
overall means ranged between 128.5 + 3.9 mg/100 ml and 154.0 ± 14.2
mg/100 ml (mean ± SEM). As reported by other investigators, total
serum cholesterol concentrations for chickens fed a commercial mash diet
were within a range of 65-159 mg/100 ml.32 Serum cholesterol concen-
trations for all chickens of Groups I and III were within the normal range
for the second 15 weeks of the experiment, with overall means of 137.1 ±
6.2 mg/100 ml and 137.8 ± 3.7 mg/100 ml, respectively. Overall mean
serum cholesterol concentrations of chickens in Groups II and IV in-
creased to 481.4 ± 44.4 mg/100 ml and 388.1 ± 33.7 mg/100 ml,
respectively, during the second 15 weeks of the experiment, when chick-
ens were fed cholesterol-supplemented diets. Mean cholesterol concentra-
tions in Groups II and IV were not significantly different (t test = ns).
Concentration of serum cholesterol was significantly correlated with the
number of coronary arterial lesions (see below) in chickens of Group IV (rs
= 0.70, P < 0.005). There was no correlation between coronary lesions
and serum cholesterol concentrations in chickens of Group II.

Agar Gel Precipitin Tests

Agar gel precipitin tests for MDV antibody were performed on serums
from all birds at 15 and 30 weeks of age. Serums from all uninoculated
chickens in Groups III and IV were negative for MDV antibodies. Approx-
imately 80% of serums from chickens in Groups I and II were positive for
MDV antibodies. The finding that only 80% of inoculated chickens devel-
oped precipitins was not unexpected. Results of previous experiments
have indicated that P-line chickens have less than 100% incidence of agar-
gel precipitins to MDV although all are infected, as shown by virus
neutralization or fluorescent antibody tests.33'34 Therefore, it is reasonable
to infer that all of the inoculated chickens of Groups I and II were infected
with MDV. Added evidence of the high level of MDV infection in Groups
I and II was the death of approximately 30% of the birds included in the
analysis with grossly visible lesions of Marek's disease (see below).
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Gross Morphologic Observations

Grossly Visible Arterial Lesions

Grossly visible atherosclerosis was seen in large coronary arteries,
aortas, and major aortic branches of 7 of 18 Group II chickens infected
with MDV and fed cholesterol supplement. In many portions of the
arterial system, this atherosclerotic change was very marked and often
nearly occluded the lumens of entire segments of muscular arteries
(Figures 1-4, 7, and 13-16). In other areas, plaques were focal and meas-
ured only 1 or 2 mm in diameter. Grossly similar but less fatty lesions
were seen in arteries of 3 of 22 chickens of Group I infected with the virus
but not fed cholesterol supplement. Many of these lesions also occluded
major segments of the arterial system (Figures 11 and 12). In contrast,
grossly visible atherosclerosis was not seen in these portions of the arterial
system in 23 normocholesterolemic chickens of Group III and 27 hyper-
cholesterolemic chickens of Group IV not infected with MDV. Thus,
grossly visible atherosclerosis involving aortas, large coronary arteries,
and other major aortic branches was seen in 10 of 40 infected chickens
and in none of 47 uninfected controls (x12 = 14.06, P < 0.001).

Grossly Visible Marek's Disease Lesions

Fourteen of the 48 infected chickens included in the data analyzed
(30%) had grossly visible evidence of Marek's disease. Five of 22 chickens
in Group I had peripheral nerve lesions consistent with Marek's disease; 3
chickens had visceral tumors. One chicken had both tumors and nerve
involvement. Three of 18 chickens in Group II had evidence of nerve
involvement and 2 had visceral tumors. None of the chickens in Groups
III or IV had evidence of Marek's disease.

Microscopic Morphologic Observations

Microscopic Arterial Lesions

The number of virus-infected chickens with microscopic lesions in the
coronary arteries; gastric, celiac, or mesenteric arteries; and proximal and
mid-portions of the descending aorta was significantly greater than the
number of uninfected chickens with lesions in these arteries (Text-figure
3). In the coronary arteries, this difference was particularly striking in the
large arteries. Thus, 17 of 28 Group I chickens and all of 20 Group II
chickens had microscopic lesions of large coronary arteries compared with
none of 27 in Group III and 2 of 23 in Group IV (x12 = 20.95, 41.47; P <
0.001). The number of chickens with lesions in both medium and small
arteries was significantly greater in infected chickens of Groups I and II
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TEXT-FIGURE 3-Number of chickens with microscopic arterial lesions.

compared with those in the corresponding uninfected controls (Groups III
and IV) (medium arteries: X12 = 8.37, 9.75; P < 0.005; small arteries: X12
= 9.89, 4.57; P < 0.005, P < 0.05). Overall, there was a significantly
greater number of chickens with lesions in coronary arteries of all sizes in
Group I compared with Group III and Group II compared with Group IV
(x12 = 16.64, 8.55; P < 0.001, P < 0.005). The number of chickens with
lesions in large, medium, and small coronary arteries was significantly
greater in Group II compared with Group I (x12 = 10.19, 7.73, 6.6; P <
0.005, P < 0.01, P < 0.01). Feeding cholesterol-supplemented diets to
uninfected chickens (Group IV) resulted in a significant increase in the
number of those with arterial lesions in medium and small coronary
arteries compared with Group III (xl2 = 4.84, 11.30; P < 0.05, P < 0.001).
The slight increase in the number of uninfected cholesterol-fed chickens
with lesions in large coronary arteries was not shown to be significant.
Thus, infection with Marek's disease herpesvirus increased the number of
chickens with lesions in coronary arteries of all sizes compared with the
control groups. Infection with MDV and cholesterol feeding induced
coronary lesions in more birds than did virus infection alone.

Microscopic arterial lesions in mesenteric, celiac, and gastric arteries
were found only in virus-infected chickens. Nine of 22 Group I chickens
and 6 of 9 Group II chickens had arterial lesions compared with none of 13
in Group III and none of 19 in Group IV (X12 = 7.16, 16.12; P < 0.01, P <
0.001). The number of chickens with gastric, mesenteric, and celiac
arterial lesions was not shown to be significantly different in Group I
compared with Group II.

Similarly, microscopic lesions in the proximal portion of the aorta and
brachiocephalic arteries were observed almost exclusively in virus-in-

lkuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuLuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuA luuuuuuz ll|
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fected chickens (Text-figure 3) (X12 = 25.71, 26.81; P < 0.001). In the mid-
portion of the aorta, lesions occurred in uninfected control chickens but at
a lower frequency than in virus-infected chickens (x12 = 15.61; P <
0.001). There was a significantly greater number of Group II chickens
with arterial lesions in these arterial segments compared with uninfected
cholesterol-fed controls, Group IV (x12 = 27.78, 27.78, 21.43; P < 0.001).
There were significantly more Group I than Group III chickens with
arterial lesions in the proximal descending aorta and brachiocephalic
arteries (x12 = 7.47, 7.73; P < 0.01). The number of Group I and Group III
chickens with arterial lesions in the mid-portion of the descending aorta
was not shown to be significantly different. There were significantly more
Group II than Group I chickens with lesions in the brachiocephalic
arteries and the proximal and mid-portions of the aorta (x12 = 5.07, 7.68,
11.76; P < 0.01). In contrast, lesions of the distal aorta occurred with
similar frequency in all groups. The number of chickens with arterial
lesions in the various segments of the aorta was not shown to be signifi-
cantly different in Groups III and IV.

Coronary Arterial Lesions

Although lesions were found in coronary arteries of chickens in all experi-
mental groups, they were significantly different with respect to the num-
ber of chickens with lesions (see above) and their distribution, character,
and extent of change.

As shown in Text-figure 4, the distribution of arterial lesions among
large, medium, and small coronary arteries was different in experimental
groups. There were significantly more lesions in large coronary arteries of
virus-infected chickens compared with uninfected chickens. Of 22 chick-
ens in Group I, 8 had no lesions in large coronary arteries, 8 had 1 to 4
lesions, 5 had 5 to 10 lesions, and 1 had more than 10 lesions. Of 18
chickens in Group II, 10 had 1 to 4 lesions, 4 had 5 to 10 lesions, and 4 had
more than 10 lesions. In contrast, there were no lesions in large coronary
arteries in the 27 chickens in Group III and only 2 chickens with one
lesion each in Group IV (Cx32 = 24.1, 34.2; P < 0.001). Among virus-
infected chickens there was a significantly greater number of chickens
with an increased frequency of lesions in large arteries in Group II
compared with Group I (X3 = 9.83, P < 0.025). There were significantly
more chickens with an increased frequency of lesions in medium and
small coronary arteries in Groups I and II compared with their respective
control Groups III and IV (medium arteries: X 32 = 12.09, 11.78; P <
0.005, P < 0.01) (small arteries:X32 = 9.91, 12.98; P < 0.025, P < 0.005).
As was the case in large coronary arteries, infection with MDV in choles-
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terol-fed chickens led to significantly more chickens with an increased
frequency of lesions in medium and small arteries compared with infec-
tion with virus alone (Group I vs II: X32 = 8.90, 14.88, P < 0.05, P <
0.005). Cholesterol feeding alone (Group IV) also increased the number of
chickens with an increased frequency of lesions in medium and small
coronary arteries compared with chickens in Group III fed a lipid-poor
diet (X32 = 7.14, 14.88; P < 0.05, P < 0.005). In summary, infection with
MDV either with or without cholesterol supplement led to a significantly
greater number of arterial lesions in large coronary arteries compared with
uninfected chickens fed cholesterol-supplemented diets or cholesterol-
poor diets. The number of arterial lesions in medium and small coronary
arteries was significantly greater in virus-infected birds of Groups I and II
compared with their respective control groups. In coronary arteries of all
sizes, virus infection and cholesterol feeding led to significantly more
arterial lesions than did virus infection alone.
The microscopic character of coronary arterial lesions was also different

in experimental groups (Text-figure 5) (Figures 5 through 10, 23, and 24).
Coronary arterial lesions were classified according to type, ie, fatty, prolif-
erative, and fatty-proliferative. The characteristics of these lesions have
been previously described.8 Briefly, fatty arterial lesions were character-
ized by intracellular and extracellular accumulation of lipid with little
cellular proliferation and relatively small quantities of dense collagen
(Figure 10). Proliferative lesions were segmental and were characterized
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by fibrocellular thickening of the intima and, in some instances, increased
numbers of medial cells. The internal elastic lamina often appeared
fragmented or, in some instances, reduplicated. Adventitial fibrosis and
infiltration of mononuclear cells was occasionally present but was not
generally a prominent feature (Figures 5 and 6). Arterial lesions without
intimal thickening, which were characterized by focal medial necrosis and
increased cellularity of media, were also classified as proliferative lesions
(Figure 23). In some instances, proliferative arterial lesions bore close
resemblance to human arteriosclerosis without lipid change. Fatty-prolif-
erative lesions were similar to proliferative lesions but had the additional
feature of intracellular and extracellular intimal and medial lipid accumu-
lation (Figures 7 through 9). Intima and portions of media in these latter
lesions stained red with oil red 0 stains. Some fatty-proliferative arterial
lesions had little or no appreciable intimal thickening, and the pre-
dominant change was focal medial necrosis, hypercellularity, and lipid
accumulation (Figure 24).

In many instances, fatty-proliferative arterial lesions in coronary arter-
ies and other portions of the arterial system bore striking resemblance to
chronic human atherosclerosis. These latter lesions were characterized by
collections of foamy fat-containing cells, fatty-hyaline intimal change,
and relatively acellular pools of lipid and cholesterol clefts deep in the
intima and media with overlying fibromuscular caps (Figures 7, 8, 11-

683
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16, 18, and 19). The intima and subjacent media were often focal calcified,
and in some instances the intima was vascularized (Figures 11, 12, and
16). Segmental medial necrosis or scarring with thinning of the media was
often observed (Figures 7, 11-13, and 15). Adventitial fibrosis and ac-
cumulation of lymphocytes and mononuclear cells were present in some
instances but were not often a prominent feature.

Feeding a cholesterol-supplemented diet to uninfected chickens re-
sulted primarily in an increase of fatty arterial lesions (Figure 10). The
number of fatty arterial lesions in Group IV was significantly greater than
the number in Group III (X32 = 20.62, P < 0.001). It was not possible to
demonstrate a significant difference in the number of proliferative and
fatty-proliferative arterial lesions in Group III compared with Group IV.

Infection with MDV (Group I) resulted in a significantly greater num-
ber of chickens with increased frequency of proliferative and fatty-prolif-
erative coronary lesions (Figures 5 and 6) compared with untreated chick-
ens (X32 = 26.4, 5.5, P < 0.001, P < 0.025). There were no fatty coronary
arterial lesions in Group I. Feeding cholesterol-supplemented diets to in-
fected chickens of Group II resulted in a significantly greater number of
chickens with increased frequency of proliferative and fatty-proliferative
lesions compared with cholesterol-fed chickens of Group IV (X32 = 14.10,
29.78; P < 0.005, P < 0.001). It was not possible to demonstrate a
difference in the frequency of fatty arterial lesions in Group II compared
with Group IV or of proliferative arterial lesions in Group II compared
with Group I. The number of chickens with increased frequency of fatty-
proliferative lesions in Group II was significantly greater than in either
Group IV (X32 = 29.78, P < 0.001) or Group I (X32 = 28.89, P < 0.001).
Thus, feeding cholesterol-supplemented diet resulted in similar numbers
of fatty arterial lesions (Group II vs Group IV), and infection with virus
resulted in increased numbers of arterial lesions with proliferative fea-
tures, either proliferative or fatty-proliferative (Groups I and II).
The extent of coronary arterial change as measured by the degree of

occlusion and number of lesions was significantly greater in virus-infected
chickens of Groups I and II than in the uninfected chickens of their
respective control Groups III and IV (Text-figure 6). In large, medium,
and small arteries there were more chickens with greater extent of arterial
change in Group I compared with Group III (x22 = 24.05,x22 = 11.61,x32
= 9.93; P < 0.001, P < 0.005, P < 0.025). There were more chickens with
a greater extent of arterial change in large, medium, and small arteries of
Group II compared with Group IV (X32 = 34.03, 15.63, and 15.35; P <
0.001, P < 0.005, P < 0.005). There were significantly more chickens with
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a greater extent of change in large, medium, and small arteries in Group II
compared with Group I (x82 = 11.96, 12.51, and 24.21; P < 0.01, P < 0.01,
P < 0.001). There were also significantly more chickens of Group IV
compared with III with greater extent of arterial change in small and
medium arteries but not in large arteries (X2 = 15.06, 7.93, and 2.45; P <
0.025, P < 0.005, ns). Thus, when microscopic arterial lesions were
considered with respect to size, infection with MDV increased the extent
of change in Groups I and II compared with untreated controls (Group
III) and cholesterol-fed uninfected chickens. Feeding a cholesterol-sup-
plemented diet to infected chickens of Group II increased the extent of
change compared with infected chickens without cholesterol supplement
(Group I).
The extent of change was also increased in virus-infected chickens

when arterial lesions of similar character were compared. Thus, the num-
ber of chickens with a greater extent of arterial change among prolifera-
tive lesions was significantly increased in Group I compared with Group
III and in Group II compared with Group IV (x32 = 23.67, 14.10; P <
0.001, P < 0.005). The number of chickens with a greater extent of arterial
change among fatty-proliferative lesions was significantly increased in
Group II compared with either Group IV (x32 = 29.40, P < 0.001) or
Group I (X32 = 27.56; P < 0.001). It was not possible to demonstrate a
significant difference in the extent of arterial change among fatty lesions
of Group II compared with Group IV.

^ f% r,
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Aortic Lesions

Microscopic lesions in the brachiocephalic arteries and in the proximal
and mid-portions of the descending aorta were similar with respect to
histologic character in all experimental groups. Lesions in these portions
of the arterial system were characterized by proliferative or fatty-pro-
liferative intimal thickening often associated with degenerative change
or necrosis in the subjacent media (Figures 17-19, 21, 22, 25, and 26).
In some instances, medial degeneration appeared to contribute to in-
timal thickening through a process of medial effacement (Figures 21 and
22). The proportion of aortic lesions that were proliferative and fatty-pro-
liferative of Group I and that of Group II were similar. This finding
contrasts with that in coronary arteries, where the greater proportion of
lesions were proliferative in Group I compared with II. However, it was
our impression that the extent of lipid-accumulation was greater in the
fatty-proliferative lesions of Group II compared with Group I (compare
Figure 17 with Figures 18 and 19). Lesions in the distal portion of the
descending aorta were qualitatively similar in all experimental groups.
These latter lesions were different from those in the more proximal aorta.
They were characterized by relatively less cellular intimal thickening,
with marked thinning of the subjacent media (Figure 20). Occasional foci
of extracellular and intracellular lipid were found deep in the intima
adjacent to the internal elastic lamina.

As determined by the thickness of the intima, the extent of arterioscle-
rotic change in the brachiocephalic arteries and proximal and mid-por-
tions of the descending aortas was significantly greater in chickens in-
fected with MDV (Groups I and II) than in the respective control Groups
III and IV (Text-figure 7) (X,2 = 10.02, x32 = 21.68; P < 0.005, P <
0.001). In the proximal portion of the descending aorta, the number of
chickens with increased intimal thickness was also significantly greater in
Groups I and II compared with Groups III and IV (X12 = 10.33, X42 =
21.68; P < 0.005, P < 0.001) and in virus-infected cholesterol-fed chick-
ens of Group II compared with chickens of Group I (X42 = 35.5, P <
0.001). In the mid-portion of the descending aorta, the number of chick-
ens with increased intimal thickness could not be shown to be significantly
different in Group I chickens compared with untreated controls (Group
III). However, there were significantly more chickens with increased
intimal thickness in Group II compared with Group IV (X32 = 30.79, P <
0.001) and in Group II compared with Group I (X92 = 12.53, P < 0.01). In
the distal portion of the descending aorta, it was not possible to demon-
strate a significant difference in the number of chickens with increased
intimal thickness when any of the experimental groups were compared.
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We were not able to demonstrate significant correlation between the
degree of thickness of the intima and media in any of the aortic segments.
Thus, in the brachiocephalic arteries and in the proximal and mid-por-
tions of the aorta, the extent of atherosclerosis was significantly greater in
virus-infected chickens compared with their respective control groups.
Virus infection and cholesterol feeding led to more atherosclerosis than
did virus infection alone. We were not able to demonstrate an effect for
either virus infection or cholesterol feeding on intimal lesions in the distal
aorta.

Other Arterial Lesions

There was appreciable microscopic arterial change in mesenteric, ce-
liac, or gastric arteries of 9 of 20 chickens in Group I and of 6 of 9 chickens
in Group II. Microscopic change in Group I chickens consisted of fibro-
muscular intimal thickening, sometimes occlusive, with lipid deep in the
intima and subjacent media (Figures 11 and 12). Similar occlusive change
was seen in these arteries in chickens of Group II (Figures 13 through 16).
In both instances, atheromata contained extracellular lipid and cholesterol
clefts as well as cellular lipid (Figure 15). In some advanced atheromatous
lesions, extensive vascularization of the intimal plaques was seen (Figure
16). No microscopic changes were found in these arteries in either the
untreated chickens (Group III) or in uninfected chickens fed cholesterol-
supplemented diets (Group IV).

Sections of one random block of brachiocephalic artery in each chicken
and gastric arteries in some chickens were examined by immuno-
fluorescent microscopy for the presence of Marek's herpesvirus antigen.
Specific antigen was observed by immunofluorescence microscopy in the
arterial walls of 4 infected birds with gross arterial lesions (Figures 27 and
28). The staining was intracellular and diffuse. The staining was found in
long thin cells that were likely to be smooth-muscle cells. Antigen was not
identified in arterial tissue of control birds.

Myocardial Lesions

Microscopic lesions were present in the myocardium of chickens of all
experimental groups. In uninfected chickens of Groups III and IV, these
lesions consisted of poorly defined nodules of intermediate and small
lymphocytes. In virus-infected chickens of Groups I and II, there were
also patchy infiltrates of small and intermediate-sized lymphocytes (Fig-
ure 29). In some chickens there were extensive infiltrations of large
lymphocytes. In 2 of 22 chickens of Group I and 3 of 17 chickens of Group
II, the infiltrate consisted of immature lymphocytes with large nuclei,
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densely clumped chromatin, and prominent nucleoli. These latter infil-
trates were associated with myocytolysis and necrosis of adjacent myo-
cardial fibers (Figures 31 and 32). In addition, no gross or microscopic
myocardial infarcts were found in any of the groups. There was in-
volvement of myocardium by lymphoid tumors in 2 chickens in Group I.

Myocardial accumulations of lymphocytes were present in a signifi-
cantly greater number of virus-infected chickens (Groups I and II) than in
the respective control Groups III and IV. Myocardial lesions were present
in 22 of 28 chickens in Group I and in 17 of 20 chickens in Group II,
compared with 10 of 27 chickens in Group III and 8 of 23 chickens in
Group IV (Xi2 = 9.75, 11.08; P < 0.005, P < 0.001). The presence or
absence of myocardial infiltration and the degree of change was scored as
outlined in Materials and Methods. The number of chickens with in-
creased myocardial infiltration was significantly greater in virus-infected
chickens (Groups I and II) than in the respective control Groups III and
IV (X42 = 11.64, 16.65; P < 0.025, P < 0.005). It was not possible to
demonstrate a significant difference in the extent of myocardial change
either between Group I and Group II or between Group III and Group IV.

Nerve Lesions

Infiltration of nerves by lymphocytes was seen in 24 of 28 chickens in
Group I and 16 of 20 chickens in Group II (Figure 30). Microscopically,
lesions of nerves were never seen in Groups III and IV (Groups I and II vs
III and IV: X42 = 41.06, 29.03; P < 0.001). In Group II there was a
significant positive correlation between the number of coronary lesions
and the score of myocardial or nerve lesions (r = 0.63, 0.57; P < 0.01, P <
0.02, respectively). In Group I there was a weak nonsignificant correlation
between the number of coronary lesions and the number of myocardial or
nerve lesions (r = 0.24, 0.14; ns).

Discussion
Infection with Marek's herpesvirus leads to atherosclerosis. The follow-

ing observations support this conclusion: 1) Infection with MDV induced
arterial lesions in portions of the arterial tree that were not involved in
either untreated control chickens or in chickens fed cholesterol-supple-
mented diets, ie, large coronary arteries, proximal aortas, brachiocephalic
arteries, and celiac, gastric, and mesenteric arteries. 2) Infection with
MDV led to an increased incidence of arterial lesions in portions of the
arterial tree that were involved in chickens of Groups III and IV, ie,
medium and small coronary arteries. 3) Infection with MDV induced
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arterial lesions of different character than those induced by cholesterol
feeding. 4) The extent of atherosclerosis was greater in virus-infected
chickens of either groups than in the respective control groups. 5) It was
not possible to show a correlation between serum cholesterol concentra-
tion and the number of coronary lesions in Group II, although a strong
and significant positive correlation was present in chickens of Group IV.

It has been suggested that virus infections may be important in the
pathogenesis of atherosclerosis in humans.35 There is extensive evidence to
indicate that viruses may lead to arterial disease in humans and animals.
Infection with hepatitis B virus and Coxsackie viruses have been impli-
cated in arterial disease in humans.3637 Infection with viruses has also
been shown to lead to arterial damage in immune complex disease in New
Zealand mice,38 lymphocytic choriomeningitis virus infection in mice,39
Coxsackie virus and encephalomyocarditis virus infections in mice,4041
Pichinde virus infections of hamsters,42 Aleutian disease of mink,43 equine
viral arteritis and infectious anemia,44'45 African swine fever and hog
cholera,46 bovine malignant catarrhal fever and mucosal disease of
cattle,47'48 Border disease of sheep,49 and Bolivian hemorrhagic fever in
nonhuman primates.50 Results of our experiments indicate that infection
with a herpesvirus can lead to atherosclerosis in chickens that closely
resembles that in humans.23'24 In this regard it is important to note that
there is widespread infection of human populations with up to five her-
pesviruses. These viruses are herpes simplex 1 and 2,51,52 varicella zoster,53
Epstein-Barr virus,54 and the cytomegaloviruses.55 Infections with her-
pesviruses are well known to persist for long periods as latent or reacti-
vated latent infections.6'57

Results of experiments by Paterson et al suggest that arterial disease
resulting from an infectious agent, presumably a virus, may be important
in the pathogenesis of chicken atherosclerosis.29'8'5 Paterson et al ob-
served 1) that lipid accumulation in chicken coronary arteries appeared to
occur at sites of previously induced arterial damage, 2) that the chickens
used had neurolymphomatosis, and 3) that the incidence of coronary
lesions could be increased by inoculating chickens with a relatively low
incidence of neurolymphomatosis with tracheal washings from chickens
with a high incidence. Paterson and co-workers concluded that an infec-
tious agent associated with neurolymphomatosis led to arterial damage
which predisposed to lipid deposition in the arterial wall. At this time it
was not possible to prove an association, because the etiologic agent of
neurolymphomatosis, ie, Marek's disease herpesvirus, had not been iso-
lated and because chickens free of neurolymphomatosis were not avail-
able. Results of experiments reported here indicate that infection with the
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etiologic agent of neurolymphomatosis, ie, MDV, will lead to athero-
sclerosis in chickens that are free of all known viral and microbial patho-
gens. We know of no other experiments in which atherosclerosis has been
shown to be induced by infection with a virus.
The pathogenesis of the proliferative and fatty-proliferative arterial

lesions in virus-infected chickens of Groups I and II has not been eluci-
dated. Conceivably, these arterial lesions could result from one or more of
the following: 1) arterial injury or a reaction to the injury, 2) virus-
stimulated proliferation of vascular smooth muscle cells, 3) oncogenic
transformation of smooth muscle cells, or 4) the effect of virus on lipid
metabolism. Since virus infection without dietary cholesterol supplement
induces predominantly proliferative arterial lesions (see Results and Text-
figure 5), it appears unlikely that alterations of lipid metabolism are the
only pathogenic factor. Changes in lipid metabolism may contribute to
the character and, perhaps, the progression of some lesions.
The presence of Marek's disease specific viral antigen in arterial walls of

chickens with arterial lesions suggests that MDV is directly involved in the
pathogenesis of the lesions. Findings with immunofluorescent microscopy
also suggest that the virus is contained in vascular smooth-muscle cells.
Diffuse cytoplasmic staining of Marek's disease specific antigen within
smooth muscle cells in the arterial wall could indicate that the arterial
cells either contain virus particles or are producing viral antigens. Accord-
ing to the Roizman doctrine, such productively infected cells would be
expected to die.60 This virally mediated cell injury might be the origin of
the areas of medial necrosis described in the next paragraph. Conversely,
herpesvirus-transformed cells would not be expected to produce viral
internal antigen that would be detected by fluorescent antibody.61

In some chickens of Groups I and II, aortas, coronary arteries, and
mesenteric arteries without intimal thickening were found to have ex-
quisitely focal areas of medial necrosis and lymphocytic infiltrate often
associated with lipid-laden foam cells. Arterial smooth-muscle cells imme-
diately adjacent to these areas of change were often ostensibly normal.
The overlying media and endothelium appeared to be intact by light
microscopy. Medial necrosis and reactive change in arteries without in-
timal thickening suggest that medial injury may be important in the
pathogenesis of these arterial lesions and that foci of medial necrosis may
precede intimal thickening. The presence of similar medial lesions in
arteries of chickens that died a few weeks after infection in other experi-
ments supports this possibility.62 Although morphologic findings obtained
by light microscopy suggest that medial injury is the earliest change in
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coronary arteries and aortas, it is not possible to exclude a role for
endothelial injury and repair by techniques used in these experiments.

It is reasonable to consider the possibility that endothelial injury may
be important in the pathogenesis of these virus-induced lesions since at
least one group of herpesvirus, ie, cytomegaloviruses, have been shown to
involve endothelium in humans.63-65 Viruses have been described in endo-
thelial cells in human Coxsackie myocarditis.66 Burch et al demonstrated
endothelial degeneration in association with Coxsackie B4 and encephalo-
myocarditis virus infections in mice.40'41 Several other viruses have been
found to infect endothelium in experimental animals.67-60 Endothelial
injury and repair have been implicated in several experimental models of
atherosclerosis that result from mechanical,4 7'16 chemical,6'10'13 or immu-
nologic injury. 16570 Although we have no evidence to indicate that loss of
endothelium is important in the pathogenesis of these lesions, careful
examination of endothelium by scanning and transmission electron mi-
croscopy over the time span of lesion development will be necessary to
rule out the possibility of endothelial injury.

Arterial injury could result from a direct cytopathic effect of the herpes-
virus on the arterial smooth-muscle cells and/or endothelial cells, as
indicated above. Alternatively, arterial injury may be mediated indirectly.
In this regard, a possible role for immunologic arterial injury should be
considered. Immunologic responses are believed to be important in the
pathogenesis of Marek's disease.61 Immunologic injury to the arterial wall
has been implicated in atherosclerosis in humans.35'36,71-78 Humans are
exposed to many foreign substances that are antigenic; eg, it has been
suggested that immunologic mechanisms may be important in under-
standing the role of tobacco as a risk factor.77 Studies by Harkavy and
Perlman 78 indicated that patients with coronary disease who smoked have
an increased incidence of positive skin tests to tobacco leaf protein, as
compared with smokers without coronary artery disease. Becker et al 77
isolated a small glycoprotein from cured tobacco leaves and from cigarette
smoke condensate to which approximately one third of smokers and
nonsmokers exhibit immediate cutaneous hypersensitivity. Immunologi-
cally mediated arterial injury due to either immune complex disease or
graft rejection has induced atherosclerosis, often closely resembling that
in humans, in several species of experimental animals. 19,14,79,80 Finally, in
humans 36 and animals, immunologic response to viruses has been shown
to be important to the genesis of arterial disease.3394344 Immunologic
arterial injury related to MDV infection could result from immune com-
plex disease or from cell-mediated immune injury. The focal nature of
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both the viral antigen and the arterial necrosis as well as the association of
the latter with lymphocytes are suggestive of cell-mediated immune
injury. Myocardial necrosis in virus-infected chickens was also found to be
associated with lymphocytes and may be analogous.
On the other hand, the intimal thickening in the arterial lesions could

result from proliferation of medial smooth muscle cells stimulated by virus
infection. Herpes simplex viruses have been found to lead to marked
proliferation and piling of infected cells in culture.81 Marek's disease virus
infection of duck embryo fibroblasts leads to cell proliferation.82 We have
observed that MDV will lead to proliferation of vascular smooth muscle
cells in culture.83 Alternatively, the proliferation may result from onco-
genic transformation of cells, since MDV is an oncogenic virus. This latter
mechanism for cellular proliferation may support the hypothesis of Bend-
itt that atherosclerotic lesions are analogous to neoplasms.20 The ex-
quisitely focal nature of some grossly visible arterial plaques and prolifera-
tive and fatty-proliferative microscopic arterial lesions is in keeping with
either of these interpretations. The ability of Marek's disease herpesvirus
to induce cell proliferation and the oncogenicity of Marek's disease viruses
in chickens continue to make these possibilities attractive.

There was a significant positive correlation between nerve lesions, myo-
cardial lesions, and the incidence of coronary arterial lesions in virus-
infected, cholesterol-fed chickens of Group II but not of Group I. This
discrepancy in the two virus-infected groups may result from the in-
creased incidence of arterial lesions in Group II compared with Group I.
In the instance of nerve lesions, such a correlation could either indicate an
association between one late manifestation of Marek's disease, ie, nerve
lesions and vascular lesions, or indicate that involvement of nerves may
have a direct effect on the arterial wall and a primary role in the arterial
lesions. The possibility exists that denervation of arteries is associated with
metabolic change in the arterial wall and increased atherogenesis.84'88 The
correlation with myocardial lesions is of interest since in both instances
there is focal necrosis of muscle associated with lymphocytes. In contrast,
arterial lesions in chickens of Group II could not be shown to correlate
with the concentration of serum cholesterol. Thus, arterial lesions in
Group II correlate with two manifestations of Marek's disease, ie, myo-
cardial and nerve lesions, but not with serum cholesterol concentrations.
The number of chickens with arterial lesions as well as the number of

coronary arterial lesions and the extent of coronary and aortic lesions were
significantly greater in chickens of Group II compared with chickens of
Group I. Taken together, these findings suggest that infection with MDV
and cholesterol feeding act synergistically to lead to an increased in-
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cidence of both lesions and extent of arterial change. The mechanism of
the synergistic effect is not clear. It is conceivable that many viral-induced
arterial lesions undergo repair and heal spontaneously in the presence of
normal serum cholesterol concentrations. In this regard, Ross and Glom-
set12 found that in nonhuman primates intimal thickening, resulting from
balloon catheter injury, regressed with time, although results of recent
experiments of Spaet et al 86 in rabbits are at variance with this finding. In
virus-infected chickens fed cholesterol supplements, increased lipid or
lipoprotein in the viral-induced lesions may either inhibit these normal
reparative processes or stimulate cell proliferation and in this manner
enhance progression of arterial lesions. This is consistent with the finding
of others that low-density lipoproteins (in particular, low-density lipopro-
teins from hypercholesterolemic serum) stimulate smooth muscle prolifer-
ation in vitro.87'88 Alternatively, hypercholesterolemia and accompanying
metabolic effects may alter the response of the arterial tissue to the virus
and enhance the effect of virus on the arterial wall. Experiments of
Campbell et al 89 demonstrated that the synergy of Cosackie viral infec-
tions and hypercholesterolemia in mice led to myocytolysis in myo-
cardium and degenerative lesions in the aorta that were not found in
virus-infected normocholesterolemic mice. Findings of these experiments
in chickens suggest that persistent herpesvirus infections alone may in-
duce arteriosclerosis in humans and that known risk factors such as
hypercholesterolemia may act synergistically to increase the extent of the
atherosclerosis.

Chronic atheromatous lesions with significant quantities of lipid were
present in several portions of the arterial system in normocholesterolemic,
virus-infected chickens of Group I. Although the lipid accumulation was
usually greater in chickens fed cholesterol supplement, this degree of
atheromatous change in virus-infected normocholesterolemic Group I
chickens was unexpected and suggested that infection with the virus had
an effect on lipid metabolism within the arterial wall. Among many
possibilities, viruses may alter arterial lipid metabolism by one or more of
the following: 1) increasing serum lipid as a result of altered lipoprotein
metabolism and lipid clearance, 2) by alteration of metabolism of lipids by
cells within the arterial wall, 3) by injuring endothelium and increasing
lipid transport into the arterial wall, and 4) by altering the structure of the
arterial intima and thereby enhancing lipid accumulation. We were not
able to demonstrate a significant difference in serum cholesterol concen-
tration in cholesterol-fed animals of Group IV and virus-infected, choles-
terol-fed animals of Group II. The exquisitely focal nature of what we
interpret to be early arterial lesions suggests that local effects induced in
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the arterial wall by the effect of the virus on vascular smooth-muscle cells
may be more important in lipid accumulation in the arterial lesions of
Group I and II animals than effects of the infection on overall lipid
metabolism of the host. Herpesvirus infection may alter lipid metabolism
of host cells. Fabricant et al 21demonstrated accumulation of lipid globules
and crystalline material in Crandell feline kidney cells infected with a
feline herpesvirus. Similar lipid globules and crystalline material were
seen in culture fluids. Lipid globules in cells stained with oil red 0
indicate neutral lipid. Mass spectrums of crystals from cultures were
found to correspond to those in a cholesterol standard.21 Results of experi-
ments of Mark- Malchoff et al 22 indicate that infection with polyoma virus
may lead to changes in cholesterol esterification and a decrease in choles-
terol ester hydrolysis. Preliminary evidence from our experiments in-
dicates that chicken vascular smooth-muscle cells in culture infected with
MDV have altered lipid metabolism.90
Experiments of Friedman and Moore indicate that sustained or re-

peated endothelial injury may lead to lipid accumulation in normocholes-
terolemic rabbits.91'92 Since chickens can be shown to be persistently in-
fected with Marek's virus, the possibility exists that sustained viral injury
to the endothelium may contribute to the intimal lipid accumulation in
these experiments. Finally, viruses have been shown to modify the syn-
thesis of glycosaminoglycans by cultured cells. Glycosaminoglyeans have
been shown to bind to low-density lipoproteins both in vitro and in vivo
and may be important in atherogenesis in animals.93-96 Thus, infection
with Marek's virus could increase the synthesis of glycosaminoglycans or
qualitatively alter the glycosaminoglycans and enhance intimal lipid accu-
mulation.

In most portions of the arterial system, infection with MDV had a
significant effect on the incidence and extent of arterial lesions. However,
in the distal aorta the number and severity of lesions in virus-infected
chickens was not significantly increased compared with uninfected control
chickens. Since there were appreciable lesions in distal aortas of untreated
chickens, these are apparently different from virus-induced lesions and
represent spontaneously occurring lesions due to unknown factors. Similar
lesions have been described by others in the distal aorta of chickens and
pigeons. 7-99 Results of experiments of Albert et al indicate that injections
of two polycyclic hydrocarbons, ie, 7,12-dimethylbenz(a,h)anthracene
and benzo(a)pyrene, increased the incidence and severity of arterial le-
sions of the abdominal aorta in chickens. These investigators suggested
that the polycyclic hydrocarbons produced effects on the atherosclerotic
process in chickens analogous to the effect of these substances in promot-
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TEXT-FIGURE 7-Thickness of aortic intimal lesions.

ing shortened appearance time for spontaneously occurring smooth-
muscle tumors in animals.100 As illustrated in Text-figures 3 and 7, we
were unable to demonstrate an effect of infection with Marek's herpes-
virus on either the incidence or severity of the lesions in the distal aorta of
chickens.

Infection with Marek's herpesvirus induced arterial lesions that bore
close resemblance to chronic atherosclerosis in humans, both in chickens
fed cholesterol-supplemented and in chickens fed cholesterol-poor diets.
It is remarkable that lesions which so closely resemble chronic human
atherosclerosis, a disease which we conceive of as taking years to evolve,
were induced in hypercholesterolemic as well as normocholesterolemic
chickens in a few months. Although the striking morphologic similarity
between the arterial lesions in these chickens and atheroarteriosclerosis in
humans may be fortuitous, the importance of viruses in arterial disease in
humans and other animals, together with results of these experiments,
strongly supports the possibility that persistent viral infections acting
alone or in synergy with other known risk factors may lead to atherosclero-
sis in humans. Results of these experiments may be especially pertinent
to our understanding of the etiology and pathogenesis of human ather-
osclerosis, since there is widespread and persistent infection of human

695

Distal descending
aorta

LJA

LJM
tJL
(,a) 0 -48-120240~0M

I vs , n.s.

r vsIZ, n.s.
I vsII,n.s.
m vs37,n.s.



696 MINICK ET AL American Journal
of Pathology

populations with up to five herpesviruses. The rapid evolution of chronic
atherosclerosis in these chickens provides unusual opportunities for in-
vestigating the pathobiologic characteristics of human atherosclerosis.
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Figure 1-Gizzard and gastric arteries of uninfected chicken fed cholesterol-poor diet (Group 1II).Gastric arteries reveal no grossly visible atherosclerosis (large arrow). Grossly visible athero-sclerosis was never seen in gastric arteries or other major aortic branches of normocholestero-lemic or hypercholesterolemic uninfected chickens (Groups IlIl and IV). (X2) Figure 2-Gizzardand gastric arteries of chicken infected with Marek's disease herpesvirus (MDV) and fed choles-terol-supplemented diet for 15 weeks (Group II). Note grossly obvious atherosclerotic changeinvolving nearly the entire length of the left gastric artery and its branches (large arrow). Micro-scopic change in similarly involved gastric and mesenteric arteris is illustrated in Figures 11through 16. Similar atherosclerotic change was seen in gastric arteries and other major aorticbranches of several normocholesterolemic and hypercholesterolemic chickens infected with MDV(Groups I and 11). Atherosclerotic change was not seen in gastric and mesenteric arteries ofhypercholesterolemic and normocholesterolemic uninfected controls (Groups IlIl and IV) (Figure1). (X2) Figure 3-Heart and adjacent thoracic cavity of chicken illustrated in Figure 2. Notegrossly visible atherosclerotic change in the subendocardial coronary arteries (small arrows).(X2) Figure 4-Cross section of heart illustrated in Figure 3. The lumens of major coronaryarteries are occluded by atherosclerotic change (arrows). Grossly visible coronary artery lesionswere seen in several hypercholesterolemic chickens infected with virus and fed cholesterol-supplemented diet. Surprisingly, these arterial lesions were also found in virus-infected normocho-lesterolemic chickens fed diets low in cholesterol. Such change was never seen in large coronaryarteries of uninfected chickens. (X1.85) (All with a photographic reduction of 9%)
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Figure 5-Major coronary artery of normocholesterolemic Group I chicken. Intima is eccentrically
thickened by fibrocellular, predominantly proliferative change. (Weigert-van Gieson, X 90) Fig-
ure 6-Higher magnification of intima of major coronary artery illustrated in Figure 5. Note fibro-
cellular intimal thickening and vacuolated lipid-containing cells deep in the intima adjacent to the
focally disrupted internal elastic lamina (arrows). The smooth-muscle cells in the subjacent media
have lost their normal orientation, and occasional vacuolated cells are present. (Weigert-van
Gieson, x 240) Figure 7-Major coronary artery of Group II chicken. Arterial lumen is nearly
occluded by atheromatous intimal change. Cholesterol clefts are present in atheromatous intima
adjacent to the media (arrowheads). The subjacent media is markedly thinned. There is no cellular
reaction in adventitia and little adventitial thickening. (Weigert-van Gieson, x 30) Figure 8-
Higher magnification of the right lateral portion of coronary artery illustrated in Figure 7. Note
fibrocellular cap overlying atheromatous change deep in the intima. Atheromatous change is
characterized by large quantities of extracellular lipid and vacuolated lipid-containing foam cells.
(Weigert-van Gieson, x 90) Figure 9-Medium-sized coronary artery in myocardium of Group II
chicken. Note occlusive fatt -proliferative intimal thickening and medial change with adventitial
infiltrate. (H&E, X 160) Figure 10-Fatty, relatively acellular lesion of small coronary artery
typical of those seen in Group IV chickens fed cholesterol supplement but not infected with virus.
The majority of arterial lesions in this group were fatty and involved small and medium-sized
myocardial arteries. (H&E, X 60) (All with a photographic reduction of 16%)



Figure 11-Gastric artery of normocholesterolemic chicken infected with MDV and fed diet low in
cholesterol (Group I). Lumen of artery is occluded by thickened intima. Note atheromatous change
deep in intima and media. Media adjacent to atheromatous change is focally calcified (arrow-
heads). This degree of atherosclerotic change was present in celiac, gastric, and mesenteric
arteries of several Group I chickens. (Weigert-van Gieson, X 39) Figure 12-Serial section of
artery illustrated in Figure 11. Fibrocellular intimal cap covers pool of extracellular lipid deep in
the intima. Underlying media is markedly thinned and calcified. (Weigert-van Gieson, x 95)
Figure 13-Atheromatous change in mesenteric artery of Group II chicken. Note lipid deposit deep
in intima and markedly thinned media. Similar lesions were seen in gastric, mesenteric, and celiac
arteries of several chickens in Groups I and 11. Lesions in these arterial beds were not seen in
chickens of Groups IlIl and IV. (H&E, X 65) Figure 14-Higher magnification of serial section of
intima of artery illustrated in Figure 13. Atheromatous change characterized by foam cells and
extracellular lipid is present in the deeper portion of the intima. Note overlying fibrocellular cap.
(H&E, X 170) Figure 15-Higher magnification of atheromatous change in mesenteric artery of
Group II chicken. Note atheromatous gruel characterized by large numbers of cholesterol clefts,
calcium deposits, and cellular debris. (H&E, X 205) Figure 16-Intimal fibrocellular cap and
underlying atheromatous change in segment of artery adjacent to that illustrated in Figure 15. Note
vascularization of intimal cap (arrowheads). Similar vascularization of intimal lesions was often
present in chronic arterial lesions of virus-infected chickens. (H&E, X 150) (All with a photographic
reduction of 16%)
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Figure 17-Fatty-proliferative intimal thickening in proximal descending aorta of Group I chicken.
Note clusters of foam cells deep in the intima. (arrowheads). (H&E, X 150) Figure 18-Fatty-
proliferative intimal thickening in proximal portion of descending aorta of Group II chicken. Note
large numbers of lipid-laden foam cells deep in the intima. Compare thickness of intima and the
amount of fatty change with that of Group I chicken illustrated in Figure 17. Intima in Group II
chickens was thicker and contained more lipid than that in Group I. (H&E, X 75) Figure 19-
Atheromatous change in intima of mid-portion of descending proximal aorta of Group II chicken.
Note cholesterol clefts deep in intima, shown in higher magnification in inset. (H&E, X 30; inset, x
50) Figure 20-Arteriosclerotic plaque in distal aorta of Group I chicken. In contrast to the
lesions in the proximal aorta that were found exclusively in chickens infected with MDV, lesions in
the distal aorta were found as commonly in uninfected chickens. (H&E, X 55) Figure 21-Fatty-
proliferative thickening in intima of proximal aorta of Group II chicken. Intimal thickening overlies
area of medial degeneration containing foam cells and extracellular lipid. (H&E, X 70) Figure
22-Higher magnification of aortic lesion illustrated in Figure 21. Note partial loss of normal
architectural pattern of aorta In the media beneath fatty proliferative intimal plaque. In aortas and
muscular arteries of many virus-infected chickens, such effacement of media appeared to contrib-
ute to intimal thickening. (See Figure 11.) (H&E, X 150) (All with a photographic reduction of 16%)



Figure 23-Major coronary artery of Group I chicken. Note focal medial necrosis associated withlymphocytic infiltrate in arterial lesion without intimal thickening (arrowheads). Similar foci ofmedial necrosis were also found in association with areas of intimal thickening. Similar mediallesions were seen in chickens that died a few weeks after infection. (H&E, X 220) Figure 24-Major coronary artery of Group II chicken that survived for 7 months of experiment. Foci of medialnecrosis, similar to those seen in Figure 23, were associated with accumulation of lipid-laden foamcells. (H&E, x 340) Figure 25-Media of aorta of infected chicken fed a cholesterol-supple-mented diet. Chicken died a few weeks after infection with MDV.101 Scattered foci of lymphocyticinfiltration and medial necrosis are present (arrowheads). There was no intimal change. Similarchange was seen in the media of aortas of Group I and 11 chickens killed 7 months after infection. Insome instances there was intimal thickening. (H&E, X 155) Figure 26-Aorta of chicken infectedwith MDV and fed cholesterol-poor diet. Chicken died a few weeks after infection with virus. Noteextensive area of medial necrosis and infiltration with lymphocytes (arrowheads). No appreciableintimal change was present. Similar change was seen in media of aortas of Group I chickens killed7 months after infection. In some instances there was intimal thickening. (H&E, X 330) Figure27-Gastric artery with atheromatous change from a 7-month-old Group II chicken. The frozenlongitudinal section of artery was stained with specific antibody to MDV conjugated with fluoresceinisothiocyanate. Note cells in media of artery with diffuse cytoplasmic fluorescence for Marek'sherpes antigen (arrows). (x 80) Figure 28-Hig her magnification of gastric artery illustrated inFigure 27. Specific cytoplasmic fluorescence for Marek's antigen is present in long thin cells thatare most likely smooth-muscle cells (arrows). (x 320) (All with a photographic reduction of 16%)



Figure 29-Infiltrate of small lymphocytes in myocardium of Group chicken. Similar
infiltrates were seen in hearts of chickens of all experimental groups but were more
extensive in hearts of chickens infected with MDV. (H&E, x 150) Figure 30-
Epicardial nerve of Group I chicken. Nerve is extensively infiltrated with lympho-
cytes. Similar infiltrates were seen in chickens of Group II but were never seen in
chickens that were not infected with MDV. (H&E, X 150; inset x 335) Figure 31-
Myocardium of Group I chicken. Myofibers are extensively infiltrated by large and
intermediate-sized lymphocytes. Similar changes were seen in Group II chickens
but not in chickens of Groups IlIl and IV. (H&E, x 150) Figure 32-Myocardium of
Group I chicken. Many large and intermediate-sized lymphocytes are present be-
tween myofibers, and extensive areas of myocytolysis and myocardial necrosis are
seen. Similar necrosis was seen in hearts of Group II chickens but not in Groups III
and IV. (H&E, x 155)


